Notch signalling represents a key pathway essential for normal vascular development. Recently, great attention has been focused on the implication of Notch pathway components in postnatal angiogenesis and regenerative medicine. This paper critically reviews the most recent findings supporting the role of Notch in ischaemia-induced neovascularization. Notch signalling reportedly regulates several steps of the reparative process occurring in ischaemic tissues, including sprouting angiogenesis, vessel maturation, interaction of vascular cells with recruited leucocytes and skeletal myocyte regeneration. Further characterization of Notch interaction with other signalling pathways might help identify novel targets for therapeutic angiogenesis.
Introduction
In the Western world, ischaemic disease is highly prevalent and is associated with elevated morbidity and mortality. Critical limb ischaemia is the end-stage outcome of multiple types of peripheral artery disease, especially in patients with diabetes [1, 2] . Coronary artery disease is responsible for deterioration of cardiac function through acute cardiomyocyte loss and maladaptive remodelling after myocardial infarction. Under both conditions, the extent of recovery is dependent on the residual ability of the organism to build up a feeding vascular tree. Following occlusion of a major artery, two different types of vascular growth participate in the salvage of ischaemic tissue, namely sprouting of capillaries (angiogenesis) and growth of collateral arteries from preexisting arterioles (arteriogenesis) [3, 4] . The concept of therapeutic angiogenesis in ischaemic disease relies on supporting endogenous vascular growth to improve the tissue perfusion [5] [6] [7] . Induction of therapeutic angiogenesis by administration of angiogenic morphogens such as VEGF (vascular endothelial growth factor) remains a promising approach despite the partial success of clinical trials, which did not confirm the remarkable results of pre-clinical studies [8, 9] . One of the reasons accounting for this discrepancy is that delivery of single growth factors may represent a simplification of the cooperative molecular interaction necessary for the establishment of a functional vascular network [10] . For instance, new findings underline the importance of cross-talk between Notch signalling components and VEGF in building up a proper neovascularization. The present Key words: hypoxia, ischaemic disease, Notch intracellular domain, Notch signalling, therapeutic angiogenesis, vascular endothelial growth factor (VEGF). Abbreviations used: ADAM, a disintegrin and metalloproteinase; Dll1, Delta-like 1; Flt4, Fmslike tyrosine kinase 4; HIF-1, hypoxia-inducible factor-1; FIH-1, factor inhibiting HIF-1α; Jag1, Jagged-1; kdr, kinase insert domain-containing receptor; NICD, Notch intracellular domain; Nrarp, Notch-regulated ankyrin repeat protein; Nrp1, neuropilin-1; RBP-Jκ, recombinant signal-binding protein 1 for Jκ; α-SMC, α-smooth muscle cell; TNFα, tumour necrosis factor α; VEGF, vascular endothelial growth factor; VSMC, vascular smooth muscle cell. 1 To whom correspondence should be addressed (email madeddu@yahoo.com).
review summarizes the role of Notch signalling in main aspects of the reparative vascular response to ischaemic injury.
The Notch signalling pathway and vascular development
Notch signalling is an evolutionarily conserved intercellular pathway controlling cell differentiation, cell fate specification and patterning during embryonic and postnatal development [11] . In mammals, the pathway encompasses five transmembrane ligands: Dll1 (Delta-like 1), Dll3, Dll4, Jag1 (Jagged-1) and Jag2, and four single-pass transmembrane receptors, Notch1-Notch4. Activation of Notch by its ligands initiates a series of successive proteolytic cleavages. First, extracellular cleavage of Notch occurs by TACE [TNFα (tumour necrosis factor α)-converting enzyme; also called ADAM (a disintegrin and metalloproteinase) 17] and Kuzbanian (ADAM10), two members of the ADAM family. This is followed by transmembrane cleavage by γ -secretase [12] , releasing the NICD (Notch intracellular domain), which next translocates to the nucleus and forms a complex with the transcriptional regulator RBP-Jκ (recombinant signalbinding protein 1 for Jκ). In the absence of Notch signalling, RBP-Jκ associates with transcriptional co-repressors that actively keep target gene expression shut down. Binding of NICD to RBP-Jκ replaces the co-repressor transcriptional complex with a co-activator complex, which in turn triggers the transcription of Notch target genes such as bHLH (basic helix-loop-helix) proteins: Hes (hairy/enhancer of split), Hey (Hes-related protein) and Nrarp (Notch-regulated ankyrin repeat protein). These transcription factors regulate further downstream genes to respond to environmental stimuli, either by maintaining cells in an uncommitted state or by inducing differentiation depending on cell type [13] .
Most Notch pathway components are expressed and have a critical role during vascular development [14] [15] [16] [17] . Functional studies using genetically modified animals have provided us with convincing evidence that Notch signalling plays a key role in the whole process of developmental angiogenesis (summarized in Table 1 ). In very early embryogenesis, Notch signalling modulates the migration of a subpopulation of angioblasts from the lateral mesoderm towards the dorsal aorta and induces their specification to endothelial cells [18] . In later stages, Notch signalling controls endothelial cell specification into arterial or venous identity. Activation of Notch in the endothelium results in induction of its downstream effector EphrinB2 and suppression of EphB4 expression, thereby establishing arterial identity. Conversely, when the Notch signalling pathway is suppressed by COUP-TFII (chicken ovalbumin upstream promoter-transcription factor II), vessels acquire vein identity [19] . The Dll1 ligand seemingly mediates arterial identity acquisition [20] .
Regulation of endothelial cell sprouting by Notch signalling
The [22] [23] [24] [25] . Conversely, suppression of Notch signalling by γ -secretase inhibitor treatment or genetic deletion of Dll4 allele in mouse or zebrafish increases the number of sprouting endothelial cells and this eventually leads to a highly dense branching vascular network [24, 26] . Consistent with this, suppression of Notch results in increased endothelial cell proliferation in in vitro threedimensional assays [23, 27] . The inhibitory effect of Notch on endothelial cell proliferation is mediated through the MAPK (mitogen-activated protein kinase)/PI3K (phosphoinositide 3-kinase)/Akt (also called protein kinase B) pathway [28] . Taken together, Notch signalling seems to be essential in governing the transition from active angiogenesis to quiescence. Modulators of this important function are now recognized. For instance, the loss of Nrarp (Notch downstream gene) leads to increased activity of Notch, reduces the proliferation of stalk cells and stimulates excessive junctional rearrangement within stalk cells. Indeed, Nrarp functions as a negative regulator of Notch by inducing NICD degradation.
It has been suggested that Nrarp could play a role in stabilizing the connection between new formed stalk cells by co-ordinating Notch and Wnt signalling pathways [29] .
The guidance of sprouting angiogenesis by the Notch/Dll4 duo was illustrated in murine tumour models. Several preclinical studies have shown that blockade of Dll4 inhibits tumour growth by inducing immature angiogenesis, which consists of excessive tip cell formation and is functionally incompetent, leading to poor perfusion and enhanced hypoxia [30] [31] [32] . Evidence accumulated so far supports the notion of an endothelium-specific action of Dll4/Notch signalling in the regulation of cell interaction. The possibility that the mechanism is also relevant for the cross-talk between endothelial cells and components of the surrounding tissue, including tumour cells, stromal cells and invading leucocytes, remains mostly unexplored.
One possible scenario proposes the modulation of Notch signalling components on endothelial cells by paracrine mediators released by neighbouring cells. Of note, recent studies have shown that the inflammatory cytokine TNFα can induce an endothelial tip cell phenotype highly enriched with Notch ligand Jag1 but not Dll4 ligand [33] . Furthermore, the induction of Jag1 expression is mediated by the NF-κB (nuclear factor κB) pathway when endothelial cells are stimulated by TNFα [34] . This suggests that Jag1 may play a similar role in sprouting angiogenesis under inflammatory conditions as Dll4 does during development and tumour angiogenesis. In addition, it has been previously reported that Jag1 is expressed at the leading edge of repairing vessels: under ischaemic conditions, recruited leucocytes could modulate angiogenesis through the secretion of growth factors and cytokines, conferring a sprouting phenotype on resident endothelial cells [35] . Another scenario has leucocytes establishing cell-cell contacts with sprouting endothelial cells during angiogenesis in ischaemic tissues. The possibility that this physical interaction involves Notch signalling components expressed on leucocytes and endothelial cells is supported by studies using soluble Notch ligands, which result in excessive inflammation and disordered angiogenesis (A. Al Haj Zen, unpublished work). Further investigation is therefore needed to elucidate the functional consequences of disrupting Notchmediated interactive contacts in the context of ischaemia.
Notch signalling in the hypoxic environment
Growing evidence from in vitro and in vivo studies shows that hypoxic signalling overlaps Notch signalling in various pathological conditions. HIF-1 (hypoxia-inducible factor-1) is a major transcription factor that functions as a master regulator of oxygen homoeostasis. HIF-1 regulates the expression of angiogenic growth factors such as VEGF [36] . The study by Gustafsson et al. [37] demonstrated that the maintenance of myogenic satellite cells in an undifferentiated state during hypoxia depends on Notch signalling. This might involve a direct interaction between HIF-1α and NICD. It was shown that the formation of the complex NICD-HIF-1α stabilizes NICD and enhances its binding with Notch-target promoters [37] . An additional mechanism of cross-talk is revealed by the interaction between NICD and the protein FIH-1 (factor inhibiting HIF-1α). FIH-1 can suppress the intracellular level of HIF-α by hydroxylation. Interestingly, FIH-1 is also able to hydroxylate NICD [38] . As FIH-1 shows more affinity in binding NICD than HIF-1α, FIH-1 is sequestered away from HIF-1α. In this way, activated Notch signalling indirectly enhances HIF-1α recruitment to the HIF-response promoter, which enhances the expression of HIF-1α-responsive genes [39] . A relevant role in this context could be also played by Notch ligands. Indeed, hypoxia induces the expression of Dll4 in endothelial cells, leading to increased Notch signalling on neighbouring cells [40] . Whereas the induction of Notch signalling by hypoxia in different tumour cell types is well defined [41, 42] , more studies are required to establish whether expression of Notch signalling components follows the hypoxic gradient established after arterial occlusion. If this is the case, Notchexpressing tip cells might first emerge in the most hypoxic region to establish connections with perfused vessels of the border zone.
Notch signalling and mural cells
Mural cells influence blood vessel assembly by controlling events such as endothelial cell proliferation, migration, sprouting and regression. Direct cell-cell contact has also been shown to play a role in endothelial/mural cell cross-talk during angiogenesis [43] . Endothelial-specific knockout of the Jag1 gene gives rise to an embryonic lethal phenotype, interestingly, with an absence of α-SMC (α-smooth muscle cell) actin expression in the vasculature [44] . Conversely, absence of Notch3 results in enlarged arteries with abnormal distribution of elastic laminae, indicating that VSMC (vascular smooth muscle cell) differentiation is impaired [45] . In this way, Notch3 signalling through the ligand Jag1 expressed on neighbouring endothelial cells maintains vascular support cells in a differentiated phenotype [46] .
Primary culture studies of VSMCs demonstrated that Notch signalling activated by Jag1 can induce directly or indirectly VSMC differentiation genes such as α-SMC actin, smooth muscle myosin heavy chain and PDGFRβ (platelet-derived growth factor receptor-β) [47] [48] [49] .
The importance of Notch3 signalling in VSMC differentiation was determined in human pathology. Indeed, mutations of Notch3 cause CADASIL disease (named after cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy) characterized by a late-onset disorder causing stroke and dementia, which arises from slowly developing systemic vascular lesions ultimately resulting in the degeneration of VSMCs [50] . Furthermore, Notch signalling could play a functional role in controlling the proliferation of VSMCs. Cultured VSMCs from Hey2-deficient mice showed a decrease in their proliferation rate compared with wild-type cells. This effect is mediated by p27 kip1 since Hey2 protein can directly bind p27 kip1 promoter to repress transcription [51] . Arteriogenesis depends on VSMC proliferation and migration and extracellular matrix accumulation. In this setting, Dll1 binding to Notch seems to affect arteriogenesis more than capillary angiogenesis. Indeed, Dll1 heterozygous mice show impaired collateral arteries formation and delayed limb perfusion recovery after femoral artery ligation [52] .
Notch signalling and skeletal-muscle regeneration
Chronic limb ischaemia results in cell death that triggers a cascade of events leading to myogenesis induction [53] . Regeneration of damaged muscle fibres is achieved almost exclusively by satellite cells, which represent resident progenitors in the adult skeletal muscle. On ischaemic damage, satellite cells are activated and transit to the actively proliferative state [54] . They can generate daughter cells that differentiate into fusion-competent myoblasts to promote repair and regeneration. Ex vivo experiments showed that Notch1 is expressed in quiescent satellite cells; however, Furthermore, hypoxia triggers the expression HIF-1α (2), which subsequently binds to NICD and enhances the transcription of Notch target genes. In hypoxic areas, VEGF-A production is activated by HIF-1α through binding to the VEGF promoter. Endothelial cells exposed to the VEGF-A gradient express Dll4 and are selected as tip cells that sprout and send filopodia (3).
Endothelial tip cells use Dll4 to activate Notch on neighbouring stalk cells and thereby suppress the expression of the VEGF receptors Kdr, Flt4 and Nrp1. This prevents stalk cells from acquiring a tip cell phenotype. Infiltrating leucocytes may amplify the angiogenic response by secreting VEGF-C and TNFα (4) . TNFα induces the expression of Jag1 on tip cells. VEGF-C binds Flt4, which is highly expressed in tip cells. Activation of Notch in stalk cells allows for recruitment of mural cells (pericytes), through a mechanism involving EphrinB2, and stabilization of neovascularization (5). Vascular maturation is also supported with the contribution of Notch3 and Dll1 in the recruitment of VSMCs of collateral arterioles (6) . Kdr, VEGFR-2; Flt4, VEGFR-3.
NICD, an indicator of Notch activity, appears only after satellite cell activation. Moreover, forced expression of NICD alone is able to induce proliferation of satellite cells and to attenuate the myogenic differentiation by up-regulating Pax3 and down-regulating MyoD and desmin [55] . In conditional RBP-Jκ mutant mice, the satellite cells are not formed in the late stage of fetal development [56] .
In the study by Conboy et al. [57] , insufficient activation of Notch1 by Dll1 is detected in old animals and contributes to the loss of regenerative potential of skeletal muscle. In myoblasts, the level of Notch activity seems to be closely regulated by the transcription factor Stra13. Moreover, Stra13 expression is essential in the late stages of muscle regeneration to surmount the activity of Notch signalling, thereby reducing myoblast proliferation and promoting myogenic differentiation. Indeed, on injury, Stra13-knockout mice exhibit increased cellular proliferation, elevated Notch signalling and a striking regeneration defect characterized by degenerated myotubes, increased mononuclear cells and fibrosis [58] . Thus the tight temporal regulation of Notch activity is vital for efficient muscle regeneration. This issue might have practical consequences when considering Notch as a potential therapeutic target for the cure of ischaemic disease. The optimal strategy should attempt to co-ordinate Notch's influence on angiogenesis and myogenesis to restore tissue integrity.
Conclusions and perspectives
Studies reviewed in the present paper indicate that the function of Notch signalling is ligand and context dependent. For example, Notch1 signalling activated by Dll4 ligand is essential to determine the fate of endothelial cells whether this is a stalk cell (non-migratory) or a tip cell (migratory). In contrast, Notch signalling activated by Dll1 and Jag1 is important for VSMC differentiation. Under inflammatory conditions, it is the ligand Jag1 that takes the role of stimulating the formation of tip endothelial cells.
The function of the canonical Notch signalling pathway was revealed thanks to seminal studies in embryogenesis. The challenge is now to understand the role of this pathway in adult angiogenesis under physiological and pathological conditions, with the aim of exploiting the therapeutic potential of Notch and its ligands for the cure of ischaemic disease.
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